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/. Introduction 

One of the most exciting developments in the areas 
of catalysis, organometallic chemistry, and polymer 
science in recent years has been the intense explora- 
tion and commercialization of new polymerization 
technologies based on single-site and metallocene 
coordination olefin polymerization catalysts. 1 The 
vast number of specifically designed/synthesized 
transition metal complexes (catalyst precursors) and 
main-group organometallic compounds (cocatalysts) 
allows unprecedented control over polymer micro- 
structure, the generation of new polymer architec- 
tures, and the development of new polymerization 
reactions. Commercialization of new generations of 
single-site and metallocene catalyst-based technolo- 
gies has provided the multibillion pound per year 
polyolefins industry with the ability to deliver a wide 
range of new and innovative olefin-based polymers 
having improved properties. 2-4 The intense industrial 
activity in the field and the challenges to our basic 
understanding that have come to light have in turn 
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a-olefins, 228 and tridentate pyridine diimine Fe(II) 
and Co(II) dihalides for linear, high-density polyeth- 



One-electron oxidation of the stable Ti(III) complex 
(CsMeg^TKCHs) by Ag+CBPluT in THF yields (CsMegV 
Ti(CH 3 )(THF) + . 239 Similar oxidation of [Cp 2 ZrCl] 2 by 
Ag + was used earlier to prepare Cp 2 ZrCl(L) + X (X 
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= BF 4 ", CIO4-) salts. 240 Furthermore, (CGC)Ti(III) 
catalyst precursors can be activated with ferrocenium 
tetrakis(pentafluorophenyl)borate and oxidized to 
cationic Ti(IV) species 75, which is a very active olefin 
polymerization catalyst (eq 46) 241 Another disclosure 




by the Dow group suggests that active catalysts can 
alternatively be prepared by electrochemical oxida- 
tion of Ti(III) and Ti(IV) catalyst precursors, obviat- 
ing the need for chemical oxidizing agents such as 
ferrocenium salts. 242 

Mono-Cp (single-ring)-type titanium complexes 
Cp x TiX3 (X = CI, CH 3 , CH 2 Ph, BuO) when activated 
with MAO, B(C 6 F 5 )3, or Ph 3 C + B(C6F 5 ) 4 ;~ catalyze 
rapid syndiospecific styrene polymerization to pro- 
duce highly syndiotactic polystyrene. 243 " 248 The ac- 
tivation mechanism and the true active species 
responsible for the syndiospecific enchainment of 
styrene have been subjects of considerable debate. A 
popular hypothesis is that the true active species is 
actually a Ti(III) + complex, formed by reduction of 
the initial Ti(IV) species by MAO, A1R 3 , or by some 
other mechanism. 249 " 251 Reduction is probably caused 
by the free trimethylaluminum contained in MAO, 
since aluminum alkyls are more effective reducing 
agents than alumoxanes (Scheme 17). 243 Although 

Scheme 17 

CpTiX 3 ♦ AI(CH3) 3 * CpTiX 2 + AKCH^jX ♦ "CH 3 -" 

I MAO 1 
C 2 H6 

CpTi(X)CH 3 ♦ MAO-X 

|Jmao 

CpTiCH 3 * MAO-X" 

ESR studies have confirmed the formation of such 
Ti(III) + species, present in significant amounts (the 
exact percentage varies with ligands and catalyst 
aging time) in the activated solution mixture, the 
activation mechanism and the function of other 
species formed are yet to be determined. Other 
experiments appear to support this hypothesis, since 
isolated and characterized Cp / MdV)Me 2 + (M = Zr, 
Hf) complexes catalyze only aspecific styrene polym- 
erization to yield actactic polystyrene. 73 However, the 
isolable Ti(III) complex CpTi(OMe) 2 produces highly 
syndiotactic polystyrene after activation with either 
MAO or TIBA/PhMe 2 NH + B(C 6 F 5 )4"" and even exhibits 
greater catalytic activity than Cp / Ti(OMe) 3 /MA0. 252 



ylene 229 230 and moderately isotactic polypropylene via 

a 2,1-insertion mechanism. 231232 

A ternary system that consists ot a zirconocene 
dichloride, a trialkyl aluminum, and Ph 3 C + B(C6F 5 )4~ 
has been developed by Chien et al. 233 for ethylene and 
propylene polymerizations with superb activity. The 
use of excess of R3AI serves both to alkylate the 
dichloride precursor as well as to scavenge 0 2 , H 2 0, 
and other protic impurities in the system. 234 The 
entire activation process can be perceived as the 
initial in-situ alkylation of the zirconocene dichloride 
by the alkylaluminum, followed by subsequent oxida- 
tive cleavage of a Zr-R bond by Ph 3 C + (eq 45). This 

Me 2 Si(.nd) 2 ZrCI 2 1 > R *' ()S ) ~ 

2) Ph 3 C* B(C 6 Fs) 4 - 

Me 2 Si(lnd) 2 ZrR* B(C 6 Fs)4' + Ph 3 C-R (45) 
or as a dimeric form 

convenient approach avoids using zirconocene di- 
alkyls as catalyst precursors; however, caution must 
be taken regarding the quantity of trialkylaluminum 
needed to optimize the catalytic efficiency. Although 
an excess of such species can serve as a scavenger, it 
could also deactivate the system and thus lower the 
efficiency. For example, TMA has been found to react 
with Ph 3 C + B(C 6 F 5 ) 4 ~ to form a series of exchange 
products 184 as well as to "intercept" metallocenium 
cations to form heterodinuclear complexes. 137 Unlike 
MAO-activated catalytic systems, the optimum activ- 
ity of this system is very sensitive to the polymeri- 
zation temperature. 233-236 Typically, the highest ac- 
tivity obtained from L 2 ZrR + B(C 6 F 5 )4" species generated 
in situ is when the polymerization is carried out from 
0 to —20 °C. The noncoordinating features of the 
anion and the low olefin insertion barrier for this 
system allows high efficiencies to be achieved at low 
polymerization temperatures— as low as — 60 °C. On 
the other hand, there is an activity loss in high- 
temperature polymerizations. Choice of aluminum 
alkyls also sometimes affects the stereospecifity of 
propylene polymerization 237 and chain transfer reac- 
tions. 238 It was reported that propylene polymeriza- 
tion catalyzed by a [ArN(CH 2 ) 3 NAr]TiCl 2 (Ar = 2,6- 
i Pr 2 C 6 H 3 ) complex, when activated with TMA (or 
TEA)/Ph 3 C + B(C 6 F5)4", produces atactic polypropy- 
lene. However, when TIBA/ Ph 3 C + B(C 6 F 5 )4" is em- 
ployed as the activator, propylene polymerization 
affords a mixture of atactic and isotactic polypropyl- 
ene. 237 The isotactic index (II; defined as weight 
fraction of isotactic polymer in refluxing heptane; 
hexane was used to fractionate the crude polymer in 
this example) depended strongly on the polymeriza- 
tion temperature, and the highest isotacticity (II = 
78.9%, T m = 129.2 °C) was achieved at a polymeri- 
zation temperature of ~40 °C. 

E. One-Electron Oxidation and Reduction 



